The effect of chloramphenicol on the synthesis and accumulation of ribonucleic acid (RNA) in Bacillus subtilis was studied. In the presence of chloramphenicol, transfer RNA and ribosomal RNA were synthesized as rapidly 2 to 3 hr after challenge as they were just prior to the addition of the antibiotic. However, under the same conditions, net RNA accumulation ceased after only 30 to 45 min. The failure to accumulate RNA after this time resulted from a rapid degradation of ribosomal RNA synthesized in the presence of chloramphenicol and a slow degradation of mature ribosomes. Since transfer RNA was not appreciably degraded, the ratio of transfer RNA to total RNA increased during the challenge.
In their detailed study of the effects of chloramphenicol (CM) on ribonucleic acid (RNA) synthesis in Escherichia coli, Kurland and Maaloe (10) observed that, shortly after the addition of the antibiotic, the accumulation of ribosomal RNA (rRNA) progressively slowed while that of transfer ribonucleic acid (tRNA) continued linearly. Since they were unable to demonstrate a turnover of RNA synthesized in the presence of CM (CM RNA) under their conditions, they concluded that the synthesis of rRNA was preferentially inhibited, while that of tRNA was unaffected. To account for these results, an attractive hypothesis was presented in which a protein, possibly a nascent ribosomal protein, is required for the synthesis of rRNA and is consumed during the synthesis. The synthesis of tRNA, on the other hand, is not restricted by a requirement for the protein. As pointed out by the authors, the stoichiometric relationship between rRNA synthesis and a protein also affords a reasonable mechanism by which a cell could regulate its ribosome content independently during logarithmic growth.
Subsequent reports of the metabolic instability of CM RNA (12) and of the turnover of CM rRNA (5) suggest that the reduced rate of accumulation of CM rRNA is at least in part due to degradative processes.
The extent to which turnover affects the accumulation of CM rRNA and the rate of rRNA synthesis in the presence of CM is unknown. The linear accumulation of tRNA during a CM challenge has recently been confirmed by Ezekiel and Valulis (7) and shown to proceed at a rate of onefold per hour for as long as 5 hr. However, this continued accumulation of tRNA is not easily reconciled with the observations that, in the presence of CM, both the incorporation of labeled precursors and the accumulation of total RNA cease after 45 min to 2 hr, depending on the experimental conditions.
The present study of the effects of CM on RNA metabolism was undertaken to determine to what extent these apparent contradictions can be attributed to differences in the test organisms and conditions employed and to reinvestigate the rate of rRNA and tRNA synthesis during CM challenge. For these purposes, a rich Casamino Acids medium was selected, to minimize the effect of CM on the internal amino acid pools. The composition of RNA prepared from control and CM-treated cells was determined by the sensitive gel filtration method (19 Colorimetric determination of RNA in whole cells.
Samples (5 ml) of B. subtilis were rapidly mixed with 0.5 ml of ice-cold 50% (w/v) trichloroacetic acid. After 30 min at ice temperature, the cells were collected by centrifugation, suspended in 5% trichloroacetic acid, and stored overnight at 4 C. Cells were removed by centrifugation, resuspended again in 2 ml of 5% acid, and heated to 90 C for 15 min. After removing protein and cell debris by centrifugation, the RNA content of the supernatant fluid was assayed by the orcinol method (20) .
14C-uracil uptake by whole cells. Samples (2 ml) of B. subtilis cultures containing 14C-uracil (1.4 ;Lc/pAmole, 0.2 pmole/ml) were withdrawn and mixed with 2 ml of ice-cold 10% trichloroacetic acid containing 1 mg of 12C-uracil per ml. After storage for at least 30 min at 0 C, the cells were collected on membrane filters (Millipore Corp., Bedford, Mass.) and washed with 60 ml of 5% trichloroacetic acid. The cells and filter were suspended in 10 ml of Bray's liquid scintillator solution (2) and 0. Fractionation ofRNA by gelfiltration with Sephadex G-100. The composition of RNA preparations was routinely determined by a modification of the method described by Schleich and Goldstein (19) . Samples containing between 80,000 and 500,000 counts per min and 50 to 75 optical density (260 mu) units of RNA were diluted to 0.8 ml and mixed with 0.2 ml of 5 M NaCl. Each sample thus adjusted to 1 M Naa was applied to a column (1.5 by 95 cm) of Sephadex G-100 equilibrated at 4 C with 1 M NaCl-0.001 M NaN3. The column was developed with the same solution at a flow rate of 9 ml/hr; 4.6-ml fractions were collected. Absorbance at 260 niu of fractions was measured, and 2-ml portions were mixed with carrier RNA (10 optical density units) and precipitated with 0.2 ml of 50% (w/v) trichloroacetic acid. The precipitated RNA was collected by centrifugation and dissolved in 0.5 ml of 1.5 M NHIOH; the radioactivity was then determined by liquid scintillation counting. Under the conditions employed, the counting efficiency was approximately 65%.
The elution profiles from the Sephadex columns are characterized by four well-resolved peaks. The first, comprised of rRNA and messenger RNA, emerges in the void volume. The second peak, containing the 5S rRNA, is followed closely by the third peak, tRNA. A fourth peak, containing oligo-and mononucleotides, emerges last (19) . The contribution VOL. 95, 1968 LAZZARINI AND SANTANGELO of the fourth peak was ignored in computing the composition of RNA preparations, since it constitutes less than 3% (most often about 1%) of thetotal, and its origin is unknown. It is assumed in calculating the composition that the third peak contains all of the tRNA and only insignificant amounts of extraneous nucleic acids. The assumptions are supported by control experiments (not reported) which show that, when RNA esterified with a mixture of 15 14C-amino acids is fractionated by gel filtration, greater than 99% of the acid-precipitable radioactivity in the eluted fractions appears in the third peak.
Although it is not possible at present to determine the purity of the tRNA in the third peak, RNA in this fraction moves as a single bond in the polyacrylamide gel electrophoretic analysis described by Peacock and Dingman (17) . Furthermore, the mole percentage of methylated bases in RNA of this fraction is the same whether it is synthesized in the presence or absence of CM. The constant methyl group content and the fact that tRNA is the predominant methylated species indicate that the level of contamination is not greater in the fraction from CM-treated cells than it is in the fraction from untreated cells.
Estimation of the rates of tRNA and rRNA syntheses in untreatedB. subtilis. The composition ofRNA obtained from B. subtilis 60125 grown under the conditions described is 14% tRNA and 86% RNA of higher molecular weight. The total RNA content as measured by the orcinol assay is 1.4 m,moles of nucleotide residues per 106 cells. Assuming that 4% of the total RNA is messenger and using the firstorder growth constant of 1.3 hr-1, the estimated rates of tRNA and rRNA syntheses are 0.25 and 1.5 m,umoles per 106 cells per hr.
Estimation of the amino acid acceptance of RNA.
The conditions employed for the incorporation of amino acids into RNA were the same as those previously reported (11) , except that 0.15 to 0.20 mg of unfractionated RNA and 0.2 mg of a crude extract of B. subtilis served as acceptor and enzyme source, respectively.
Fractionation of ribosomes and ribosomal subunits by sucrose gradient centrifugation. Samples of cell extracts were layered on 4.6 ml of a 5 to 20% (w/w) sucrose gradient prepared in 10-2 M Tris-acetate (pH 7.2), 5 X 10-2 M potassium acetate, and either 10-2 M or 104 M magnesium acetate. The gradients were centrifuged in a Spinco SW39 rotor at 38,000 rev/min for either 2.5 or 3.5 hr. The contents of each tube were divided into 25 to 30 fractions by the method of Martin and Ames (14) , and the absorbance at 260 mA and the acid-precipitable radioactivity of each fraction were determined.
RESULTS
Effect of CM on the accumulation of RNA by whole cells. The effect of CM on RNA synthesis in B. subtilis is similar in many respects to that found in other microorganisms. Net synthesis of RNA continued for about one doubling time after the addition of CM (Fig. 1) about 50%. As reported previously for E. coli (10), the initial rate of RNA synthesis after the addition of CM is not affected when the organism is cultured in Casamino Acids. However, unlike the results obtained with E. coli, a turnover of RNA in the presence of CM can be demonstrated in B. subtilis by the incorporation of 14C-uracil. CM-treated B. subtilis cells exposed to 14C-uracil at 0, 30, 60, 90, and 120 min after the addition of CM incorporated label into acidprecipitable material (Fig. 2) . When labeled uracil was added at the same time as CM, the incorporation paralleled the results obtained when net accumulation of RNA was measured (Fig. 1) . Both RNA accumulation and uracil incorporation ceased after 30 to 60 min. However, 14C-uracil introduced into a CM-treated culture well after net RNA accumulation had ceased was incorporated into acid-precipitable material. The results suggesting a turnover of RNA are further strengthened by the fact that 95% of the label in the purified total nucleic acid fraction [ Fig. 3 . Actinomycin (20 ,g/ml) was added to B. subtilis cultures which had been previously treated with CM (100 ,g/ml) and 14C-uracil for 60 min. A rapid decrease in acid-precipitable radioactivity ensued immediately after the addition of actinomycin and continued until approximately 50% of the total radioactivity had been solubilized. The loss of labeled RNA from the acid-precipi- Fig. 4 .
Since approximately 95% of the RNA applied to the column originated in the unlabeled carrier cells, the absorbance profile can be used as an internal standard. A comparison of the specific activities of various fractions before and after actinomycin treatment reveals that approximately 55% of the CM rRNA was degraded during the actinomycin treatment (average specific activity of 4,950 counts per min per optical density at 260 m, versus 2,170 counts per min), whereas the CM tRNA was affected very little (average specific activity of 1,590 counts per min versus 1,460 counts per min). The decrease in specific activity corresponds to a loss of 33% of the acid-precipitable label during the course of the 30-min actinomycin treatment. This value agrees well with that estimated from Fig. 3 (38%). The results of this experiment also indicate that labeled rRNA synthesized in the presence of CM exists in two forms, one sensitive to degradative reactions, the other stable. In cells treated with CM and '4C-uracil for 1 hr, 50% of the labeled RNA was stable in the presence of actinomycin (Fig. 3) . At that same time, however, CM rRNA accounted for 75% of the total labeled RNA accumulated in the presence of CM (Fig. 4) . Since only high-molecular-weight RNA was appreciably degraded in the presence of actinomycin, one-third of the CM rRNA must be metabolically stable while two-thirds turns over. Fig. 4 .
Rates
Degradation of mature ribosomes and the resultant dilution of the precursor pool. The apparent contradiction between the experiments showing continued tRNA accumulation and those showing a cessation of total RNA accumulation and incorporation of label would be resolved if an unlabeled species of RNA was degraded in the presence of CM. The loss of preexisting RNA might sufficiently offset the potential increase in net RNA by continued tRNA synthesis during CM treatment. Furthermore, the degradation products might be expected to diminish the specific activity of the internal pool of nucleic acid precursors. Since CM rRNA turns over, the decrease in specific activity of the precursors would also result in a diminution in the specific activity of CM rRNA. This reduction of previously incorporated label might offset the potential increase in incorporated label due to the continued tRNA synthesis.
The possibility that ribosomes were degraded in the presence of CM was investigated with sucrose gradient centrifugation. B 14C-uracil were treated with CM (100 pg/mi) during Again using the absorbance as an internal refer: rapid logarithmic growth, and samples were removed Againce, using radoativy asor e 70S 50S
i malrfer-at the indicated times. Extracts prepared from the cells ence, the radioactivity of the 70S or 5OS particles were fractionated by zonal centrifugation in a 5 to 20% was determined. RNA . 7 . Accumulation of label in tRNA and rRNA during CM challenge. A culture ofBacillus subtilis was treated With CM (100 g&g/ml) and '4C-uracil (3.5 puc/pmole), and samples were removed at 30-min intervals. RNA samples prepared from these cells were fractionated by gel filtration, and the radioactivity in tRNA and rRNA was calculated from the elution profiles. The values obtained were corrected for differences in the recovery of label from the whole cells. The recoveries were 92, 64, 74, and 84% for the samples at 30, 60, 90, and 120 min, respectively. treatment is also evident. As indicated in Fig. 5 , tRNA accumulated linearly during the CM challenge. However, the amount of 14C-uracil accumulating in tRNA under the same conditions was not linear with time (Fig. 7) ; the amount of 14C-uracil incorporated during the first 30 min was more than four times that observed during the last 30-min interval. These data indicate that the specific activity of the precursor pool decreased during the course of the CM challenge. The effect of the dilution of the precursor pool is also apparent in the results for CM rRNA.
The label accumulated in rRNA shows a net loss with time compared to that observed at 60 min. As pointed out earlier, this result would be expected if the products from the degradation of mature ribosomes diminished the specific activity of the precursor pool and CM rRNA turned over and equilibrated with the pool.
Rate ofsynthesis ofrRNA in the presence ofCM. The dilution of the precursor pool by the products of the ribosome degradation and the resultant decrease in the specific activity of the CM rRNA fraction preclude an accurate estimate of the rate of rRNA synthesis during CM treatment. However, two estimates of the rate of rRNA synthesis can be obtained. The first, a lower limit, can be estimated by ignoring the effect of turnover of rRNA on the label incorporated during a 30-min labeling period. Assuming that tRNA and rRNA are essentially stable during 30-min labeling periods, the ratio of radioactivities accumulated in the two fractions during these periods is the same as the ratio of their rates of synthesis, irrespective of the specific activity of the precursor pool. Since the rate of tRNA synthesis has been measured independently, an estimate of the rate of rRNA synthesis can be obtained from these measurements. Turnover of CM rRNA could only decrease the amount of label in the rRNA fraction, and consequently such an estimate of the rates of synthesis is less than the true value. The distribution of label incorporated during successive 30-min intervals of the CM challenge are recorded in Table 1 . In these experiments, samples of cells were treated with CM and exposed to '4C-uracil at 0, 30, 60, and 90 min after the challenge began. Each sample was harvested after a 30-min labeling period. For comparison, the ratios of rRNA to tRNA for untreated cells exposed to labeled uracil for 30 min and for several generations are also presented. All values presented in vertical columns were obtained with samples The extent to which the condition for the calculation is met is difficult to ascertain since the specific activity of the pool is likely to be influenced by many processes. However, the experiments are initiated by the addition of 14C0 uracil, and therefore the specific activity of the pool rises from zero in the course of the experiment. If the specific activity rises rapidly and assumes a steady-state level throughout a large part of the labeling period, the conditions will have been approximated and the correction for turnover is valid. If, however, the rise in specific activity is slow and continues throughout the labeling period, the correction for turnover will be too large, and the corrected rate of CM rRNA will be faster than the true rate. Only in the unlikely situation in which the specific activity rises abruptly and then decreases throughout the balance of the label period will the corrected rate of CM rRNA synthesis be lower than the true rate.
DISCUSSION
The results of the present study demonstrate that the major effects of CM on the accumulation of RNA are secondary in nature. The predominant effect of CM inhibition is on the stability of the product of synthesis, not on the rate of synthesis. Ezekiel and Valulis (7) and Kurland and Maaloe (10) (Fig. 7) .
The and 23S RNA has been suggested by several investigators (9, 15) . Conceivably, the larger of these particles might contain sufficient protein to protect them from degradative reactions.
The degradation of mature ribosomes in the presence of CM has several peculiarities. The degradation occurs in cells cultured on complex media but not in cells grown on synthetic medium (8, 15) . It commences about 30 to 45 min after the addition of CM, although the primary effect of the antibiotic, the inhibition of protein synthesis, is immediate. Once started, the degradation is approximately linear at a rate (25 %/hr) that is five to six times faster than the turnover of protein observed in E. coli deprived of a required amino acid or nitrogen source (13) .
